Attenuation of P-waves (Q p ) in different geologic units in the Kocaeli region, NW of Turkey, was determined using both the pulse-broadening and the spectral amplitude ratio techniques. With that aim, shallow seismic refraction data were conducted at total 97 points at the Sirintepe, Akveren, Izmit, Korucu, Arslanbey, Sopalı, Peksimet and theÇınarlıdere formation sites, which are generally in dry states located in the vicinity of the North Anatolia Fault within the Kocaeli segment. The Q p values determined from both techniques were correlated. The wide variation of the computed Q p values indicated that the spectral technique can found to be generally slightly better than the pulse-broadening method. In addition to these studies, the dynamic elastic properties were figured out using P and velocities determined from seismic refraction studies, and the natural water content and density of the subsoil layers were determined from the soil samples collected from total 36 boreholes drilled in the formations to observe their variation with Q p values. The dynamic elastic properties determined using Pand S-wave velocities in empirical equations were correlated with the quality factors. Generally, the physical parameters did not represent any linear relations with the quality factors which demonstrated that the attenuation characteristics of seismic waves cannot be used to derive dynamic elastic parameters of the subsurface sediments.
Introduction
The energy of seismic waves which propagate in the earth attenuate with some effects (such as scattering, diffraction and porosity) more than that of geometrical spreading. These attenuations can be explained in two ways. The first one is the intrinsic attenuation existed as a result of heat transfer of energy because of anelasticity, and the second one is scattering attenuation of the propagating waves in the inhomogeneous earth caused by diffraction, reflection and dissipation. The measured or effective Q is a combination of intrinsic Q of the rocks and apparent Q by elastic scattering 1/Q eff = 1/Q intrinsic + 1/Q scattering (Lerche and Menke 1986) . The scattering attenuation Q −1 sc and interior attenuation Q −1 i are significant to interpret the geology and tectonics of an area (Liu et al 1992 , Blair 1990 , White 1992 , Galve et al 2006 , Barton 2007 . Knowledge of large dissipation in the near surface layers is important for the shallow seismic survey and local observations of earthquakes because near surface unconsolidated sedimentary layers or weathering materials may influence seismic records critically (Jeng 1995 , Jeng et al 1999 , Jongmans 1990 ). The anelastic property of earth materials has attracted the interest of many scientists in recent years. Although great efforts have been made to determine accurately the anelastic attenuation for consolidated rocks (Gordon and Davis 1968 , Wright and Hoy 1981 , Blair and Spathis 1982 , Liu et al 1994 , Holliger and Birhnemann 1996 , Sarma and Ravikumar 2000 , few attempts have been made to measure attenuation in unconsolidated sediments using the seismic refraction method (Winkler and Nur 1979 , Anderson and Hampton 1980 , Johnston and Toksoz 1980 , Johnston and Silva 1981 , Edrington and Calloway 1984 , Badri 1985 , Hatherly 1986 , Badri and Mooney 1987 , Hitoshi et al 1990 , Shi 2006 , Prasad et al 2004 , Tian et al 2008 .
There are many possible reasons to explain the frequencydependent and -independent attenuation. The usage of the spectral ratio technique and pulse-broadening techniques to obtain a single frequency-independent effective Q value is common practice but is not entirely satisfactory. Q is known to be a frequency-dependent quantity both from theory and from field experiments (Sams et al 1997 , Menke 1983 , Jeng et al 1999 , White 1975 . The usual assumption made is that the frequency dependence is not so strong as to preclude the use of a constant Q when interpreting sufficiently narrow band data. Laboratory studies indicate that Q may be independent of frequency for dry rocks and dependent on frequency for fluid saturated rocks in a complicated way . O'Connell and Budiansky (1977) analysed the frequencydependent elastic properties of fluid-saturated cracked solids and proposed a frequency-dependent attenuation model. They found two characteristic frequencies near which dissipation is largest. Sams et al (1997) examined both frequencydependent and frequency-independent assumptions and found that the frequency-independent assumption resulted in a dramatic variation of Q with geophone offset differences. Therefore, the frequency-dependent method was assumed in their study. Pride et al (2003) in their study focused on whether the permeability of the rocks through which seismic waves propagate directly influences the decay of the wave amplitudes with distance. They concluded that it is required that the permeability structure of a geologic material be involved in explaining the observed level of attenuation in the seismic band. Wang (2004) used a seismic reflection trace to estimate the Q values. He conducted Q analysis using the Gabor transform spectrum and proposed two Q analysis methods based on the attenuation and compensation functions. The attenuation function is much more stable than the compensation function.
The most important feature of our study performed by using P-wave first arrival amplitudes lies in different geologic units under consideration ( figure 1(a) ). We have made attenuation measurements in different unconsolidated sediments dealing with the characteristics of these sediments relative to dynamic engineering property analysis. P-and S-wave measurements were conducted in this study, but the S-wave refraction seismograms could not be used for the Q calculation because the signals on the data comprised high noise levels and the wave shapes of the first arrivals were not suitable for exact amplitude and rise time determinations; however, they were used to determine the S-wave velocities of the formations. The borehole data indicated that the water table levels in all different geologic units under consideration are below 15 m and the sediments of these geologic units are in an almost dry condition.
The pulse-broadening and the spectral amplitude ratio techniques were used to obtain the seismic wave attenuation. These methods are unaffected by far-field geometric spreading. Although the recent field measurements of attenuation have indicated that attenuation values appear to be different from one another for the same type of materials, our study shows no significant difference between the attenuation values for the same lithology and also the dynamic engineering properties of the geological units generally show good agreement related to the attenuation values.
Methods of measurement
Two methods were used to measure attenuation from field data. The first method is the pulse-broadening method which was used in Ricker (1953) . Gladwin and Stacey (1974) , Wright and Hoy (1981) and Hatherly (1986) used this method to calculate attenuation from the shallow seismic refraction data. Gladwin and Stacey (1974) proposed a rise time principle indicated by the following equation:
where τ is the rise time of the first arrival waveform, τ o is the origin pulse rise time at the source, v is the velocity, dS is the segment along the ray path, dT is the travel time, Q is the quality factor for the P-wave and C is a constant. The rise time is approximately the pulse width used by Zucca et al (1994) on velocity seismograms. Wu and Lees (1996) derived a formula for the pulse width in the time domain. The assumption is that the quality factor is frequency independent:
where τ is the pulse width of the first arrival waveform and τ o is the pulse width in the origin ( figure 1(b) ). Gladwin and Stacey (1974) determined the value of the constant C to be equal to 0.5. According to Kjartansson's (1979) theory, relation (2) is valid for different records for an impulsive displacement source. In particular, for Q > 30, C will take on values 0.485, 0.298 and 0.217 for displacement, velocity and acceleration records, respectively. In our study we used the value of 0.5 as proposed by Gladwin and Stacey (1974) . The pulse-broadening method is advantageous because very short length of seismogram is required. Hatherly (1986) found that the measurement of the pulse width appears to be most suitable for use with shallow seismic refraction data.
The second method is the spectral ratio method. The method in the frequency domain has been used widely for determination of seismic attenuation (Badri and Mooney 1987 , Sarma and Ravikumar 2000 , Abercrombie 2000 , Ivan 2007 ). The method is based on the spectral amplitude ratio at two distances. The spectral ratio method has been applied to sets of surface recordings. The spectral ratios between each station and reference station represent the difference in attenuation along the path between the source and the reference station.
In the procedure outlined by Toksoz et al (1979) , the ratio of the Fourier amplitudes is expressed as
where A is the amplitude, G is a geometrical factor, r is the distance between two stations, f is the frequency, Q is the quality factor and V P is the velocity of the P-wave; the subscripts 1 and 2 refer to the reference station and another station, respectively. LnG 1 /G 2 is frequency independent. For typical rocks where Q = 10-100 and in the present case where even Q < 10, the error is <0.1% and ln G 1 /G 2 is negligible (Sarma and Ravikumar 2000) . Q can be determined from the following equation:
where m can be found from the slope of the line fitted to ln(A 1 /A 2 ) versus frequency (f ). The method requires a similar time window from different locations since one of the analysis techniques requires measurement of the spectral slope versus frequency. The pulse durations were analysed for all records and it was determined that 20 ms pulse durations of length of first arrivals are suitable for all records. The amplitude spectra of the preferred records were determined in order to arrange the frequency band of the first arrivals. As depicted in figure 2, more signal energy is gathered between 50 and 300 Hz which is utilized in the spectral ratio method. 
Field tests
The seismic refraction surveys and boreholes were conducted in July 2007 at eight different geologic units located in the Kocaeli region to the north of the North Anatolian Fault (figure 3(a)). The geologic units aged from Paleozoic to Holocene outcrop in this site (figure 3(b)). The seismic data were recorded at a total of 97 points in the geologic units by a 12 channel (Ch) Geometrics Seismic Enhancement (Smart Seis) seismograph. Compressional Pwave data were recorded using an in-line spread of 14 Hz vertical component geophones spaced at 2.0 m intervals. P-wave energy was stacked together from seven impacts generated by vertically striking a steel plate with an 8 kg sledge hammer. Shear wave data were recorded with the same seismograph using an in-line spread of 14 Hz horizontal component geophones spaced 2.0 m apart and oriented perpendicular to the profile direction. The S-wave seismic source consisted of wooden timber (15 × 15 × 200 cm 3 ) with steel caps placed on soil beneath the wheels of the vehicle at right angles to the direction of the profile. Reversed polarity seismic energy was produced by striking opposite ends of the timber with an 8 kg sledge hammer. About seven to eight hammer impacts were stacked together at each endpoint of the profile. The offset for both P-and S-wave data acquisition was fixed at 2.0 m. In order to establish better coupling, the P-and S-geophones were planted under the loose soil and organic debris fixing the spikes firmly. In this way, the signal strength was improved and the noise from wind and other source effects was reduced. Other undesirable noises (streams, human, transportation, etc) were also reduced by adjusting the seismograph filters while recording.
The analogue data of the seismic wave propagation directly result from field measurement equipment. The seismograph box acquisition unit transfers the analogue data into digital data. The significant information of digital data for the seismic refraction method is the first arrival time of P-and S-waves propagation to geophones. The first arrival time data in each geophone are then plotted in the graph of the relationship between the geophone numbers versus the first arrival time of P-and S-waves for each shooting point. The curve of arrival time of each geophone is then picked in order to generate the time-distance curves from the graph. The first arrival phases are assumed to be refracted from the same interface, the P-and S-wave velocities are calculated from the slope of the line connecting these phases and then the line connecting these phases is extended back to zero offset point using the GeoSeis computer program. The GeoSeis computer program integrates refraction analysis with physical and engineering properties of soil derived by using P-and Swave velocities when the first arrivals of the refracted waves are picked on the monitor. The final process is the calculation of the P-and S-wave velocities and the thickness of each layer in the site based on the time-distance curves. We determined that the slopes were accurate to within about 5-10%. These velocities were used in related empirical equations to figure out the dynamic elastic properties of the layers. The pulses of the first arrivals of the second phase (from the second layer) were used in spectral ratio and pulse-broadening methods. Therefore, the attenuation coefficient of the second layers was obtained underlying the first layer of thickness ranging from 0.3 m to 2.7 m for all formations.
A total of 36 boreholes, 2 of which were in the Sirintepe, 8 in the Akveren, 6 in theİzmit, 5 in the Korucu, 7 in the Arslanbey, 3 in the the Sopalı, 2 in the Peksimet and 3 in thȩ Cınarlı formations, were drilled at the depth ranges between 10 m and 15 m. The groundwater levels were observed below 100 m of depth in deep boreholes drilled by DSI (State Water Works) earlier in these regions. The soil samples collected in the boreholes were sent to the laboratory immediately to measure their natural water content and density. Natural water content of the soil samples was determined using our own method in the laboratory.
Sirintepe formation site 0.4 m thick lacustrine topsoil deposits (clay, silt, sand and pebbles) were observed on the borehole cross-sections. Below , respectively, the stratum mixed with sand and gravel having a water content w n = 7-8% is illustrated. The relation between the pulse width and the travel time is given in figure 4 . Figure 5 represents the variation of the spectral ratio with frequency from a single shot for the second layer below 0.4 m from the surface of theŞirintepe formation. The average Q p value determined from 14 shots is 15 ± 1.02.
Akveren formation site
Two layers were determined in this site. The depth of the first layer, interpreted as the weathered layer with respect to the ground surface, figured out from seismic and borehole studies, is about 1.0 m underlain by the second layer formed of wellstratified clayey limestone, marl and sandstone with P-and S-wave velocities 1250 m s −1 and 725 m s −1 respectively and water content w n = 5-6%, indicating the almost dry condition. Figure 6 shows the correlation of the pulse width with the travel time. Figure 7 represents the variation of the spectral ratio with frequency from a single shot for the second layer below 1 m from the surface of the Akveren formation. The average Q p value determined from 12 shots is 11 ± 2.6.
Izmit formation site
The upper layer interpreted as residual soil has a thickness of about 1.5 m underlain by the strata of the second layer consisting of conglomerates and sandstones with P-and Swave velocities 500 m s −1 and 278 m s −1 respectively and the . Q shows the quality factor of the second layer with the correlation coefficient c = 0.75. water content w n = 6-7%. The correlation of the pulse width with the travel time is shown in figure 8 . Figure 9 demonstrates the variation of the spectral ratio with frequency from a single shot for the second layer below 1.5 m from the surface of the Izmit formation. The average Q p value determined from 11 shots is 11 ± 1.8.
Korucu formation site
A readily recognizable steady sequence is claystone and sandstone. The residual soil at the surface has a thickness varying between 2.2 and 2.7 m underlain by alternating claystone and sandstone characterized by the P-and S-wave velocities 750 m s −1 and 462 m s −1 respectively and water content w n = 8-10%. The plot of pulse width versus travel time is given in figure 10 . , illustrating the quality factor of the second layer of the Arslanbey formation with the correlation coefficient c = 0.77. Figure 13 . Variation of the spectral ratio with frequency for the arrivals from the main refractor. Circles, triangles and squares indicate the ratios of Ch11/Ch12, Ch10/Ch11, Ch10/Ch12. Figure 11 shows the variation of the spectral ratio with frequency from a single shot for the second layer of the Korucu formation. The average Q p value determined from 11 shots is 12 ± 1.4.
Arslanbey formation site
The soil layer along the surface of the ground has the maximum thickness of 2.0 m interpreted as loose soil. The seismic Pand S-wave velocities of the second layer are 715 m s −1 and 386 m s −1 respectively indicating a stratum mixed with gravel, sand, silt, clay, marl and carbonate with water content w n = 32-35%. The relation between the pulse width and the travel time is shown in figure 12 . Figure 13 represents the variation of the spectral ratio with frequency from a single shot for the second layer below 2 m 
Sopalı formation site
The thickness of the soil layer along the surface of the earth was determined as 0.3 m from seismic data and drill refusals. Below this layer of P-and S-wave velocities 1500 m s −1 and 931 m s −1 respectively, the stratum consisting of arkoses and siltstone having a water content w n = 3-6% is shown. The relation between the pulse width and the travel time is given in figure 14 .
The Q p values as obtained using the spectral ratio method are given in figure 15 along with the associated velocities. The value of average Q p was calculated as 13 ± 2.5 which is almost the value estimated by pulse-width measurements.
Peksimet formation site
The seismic and borehole data show that the maximum thickness of the soil layer is about 2.5 m. P-and Swave velocities of the second layer are 1200 m s −1 and 746 m s −1 respectively indicating a stratum mixed with sandstone dominant conglomerate, limestone and marl with water content w n = 6-7%. The second layer can be considered to be the disturbed ground. The correlation of the pulse width with the travel time is given in figure 16 . Figure 17 represents the variation of the spectral ratio with frequency from a single shot for the second layer below 2.5 m . Q = 27 shows the quality factor of the second layer of theÇınarlıdere formation with the correlation coefficient c = 0.85. from the surface of the Peksimet formation. The average Q p value determined from 11 shots is 19 ± 3.1
Cınarlıdere formation site
The seismic and borehole data have shown the presence of a loose soil layer with the thickness of 0.5 m. Below this layer a stratum mixed with shale, greywacke, limestone and slate with the P-and S-wave velocities 1000 m s −1 and 650 m s −1 respectively and water content w n = 6-8% is shown. Figure 18 shows the pulse-width data for 14 shots. Linear regression indicates that the line of best fit has a correlation coefficient of 0.85 showing very good correlation and the value of Q p is 27 which indicates the formations referred to are of better quality than the other formations. 
Relation between dynamic elastic parameters and Q p factors
The dynamic elastic properties (density (ρ), V p /V s , shear modulus (μ), Poisson's ratio (σ ), elasticity modulus (E)) of the second layers of the formations were calculated using P-and S-wave velocities determined by calculation of time-distance curves in empirical equations given in table 1. The relation between dynamic elastic parameters and the quality factors of the near surface sediments of the earth has been examined. The Q p values of eight different geologic units were determined using the pulse-broadening and the spectral ratio methods, and they were correlated with dynamic elastic parameters (table 1).
As can be seen from table 1, there is a systematic correlation between Poisson's ratios and the quality factors of the formations. This is true since the rocks with higher Poisson's ratio are less rigid. Therefore, the higher Poisson's ratios must correspond to smaller quality factors. However, the other physical parameters do not show any linear relations with the quality factors. This could be explained by the composition texture and structure of the material, which are widely varying.
These results suggest that the attenuation characteristics of seismic waves could not be used to derive dynamic elastic parameters of the near surface sediments of the earth. It is difficult to determine clearly whether attenuation is primarily a frequency-dependent parameter and consequently not related to the sediment properties. However, the field test indicates that Q p , for the sediments, tends to rise with P-and Svelocities, shear and elasticity modulus and densities and tends to decrease with Poisson's ratio (figures 20(a)-(f )).
Discussion and conclusion
Using pulse-broadening and spectral ratio techniques and P-waves, we estimated the seismic attenuation of eight formations (Sirintepe, Akveren, Izmit, Korucu, Arslanbey, Sopalı, Peksimet andÇınarlıdere) in the 50-300 Hz frequency interval and 20 ms time window. We used 14 Hz geophones in 
Figure 20. Relation between Q and P velocities for all sediments (a), relation between Q p and S velocities for all sediments (b), relation between Q p and densities (c), relation between Q p and Poisson's ratio (d), relation between Q p and elasticity modulus (e), relation between Q p and shear modulus (f ). The lines indicate the best fits determined by the spectral ratio method and the pulse-broadening method. c is the correlation coefficient. 
, where ρ is the density; V p is the P-wave velocity; V s is the S-wave velocity; μ is the rigidity; σ is Poisson's ratio; and E is the elasticity modulus. the refraction work and observed that 14 Hz natural frequency could not distort the amplitude response around the resonance value (figure 2). The methods used in this work provide us frequency-independent and -dependent quality factor values as well as the analysis of a single pulse or package of waves. We observed low Q p values between 8 and 27 (for the pulsebroadening method) and 11 ± 1.8 and 21 ± 4.1 (for the spectral ratio method). Anelastic attenuation has been determined first by the pulse-broadening method. The pulse-broadening method as described in equation (2) contains a term which is source dependent. τ o is defined as the pulse width at the seismic source. If the source spectrum displays a broad frequency band, then the value of τ o should be nearly zero at the source. Another important term is the constant C which may depend upon the seismic source employed. In order to prove that the constant C in equation (2) does indeed depend upon the source, a propagation method similar to that used by Blair and Spathis (1982) for proving that C in the rise time law is source-dependent should be applied. The value of Q required in order that the slope of the pulse width versus travel time plot of the generated waveforms matches that of the observed waveforms would be considered a reasonable estimate of the in situ material Q. The Q p values as obtained using the pulse-width method are tabulated in Jeng et al (1999) and Clouser and Langston (1991) . The results of Badri and Mooney (1987) are higher (Q = 50-207) than those of ours. Second, we examined the spectral amplitude ratio method and drew some conclusions on the resultant Q p values. The method derived earlier has the important characteristics of minimizing effects related to the seismic source. This is clear from equation (4), which does not contain a term depending upon the source waveform, so equation (4) is a sourceindependent expression. We observe the Q p values of the eight different lithologies in table 1. TheÇınarlıdere formation has the maximum Q value 21 ± 4.1 and the Izmit formation has the minimum Q p value 11 ± 1.8. The Q p values obtained from the spectral amplitude ratio method are generally larger than the values obtained from the pulse-broadening method (except the Sirintepe and Korucu formations). A possible reason for this difference is that these methods are based upon measuring wave amplitudes which may be affected by several contaminated factors, especially source effects and receiver effects.
From the computed Q p values, we concluded that the Q p values determined from the spectral ratio method were more reliable than those computed from the pulse-broadening method. This conclusion was supported by the fact that the spectral ratio method minimizes variables associated with the source waveform since the seismic waveforms are not sinusoidal or symmetrical. Wave amplitudes and periods can be defined in a number of different ways.
There are some limitations for the Q p estimation techniques either by the pulse-broadening method or spectral ratio method. The first limitation is the seismic refraction data quality. The data must be noiseless and the shapes of the first break pulses must be very clear. These methods were not used to estimate attenuation of Q s using S-waves when the S-wave data had tremendous noise. The second one is the volume of the sediments tested should be large enough to constitute representative samples. Third, the installation of the source and the receivers should preserve the original structure and the natural state of stress distribution. Fourth, the spacing between the source and the receivers should be such that the main wave propagation paths are within the boundaries of the stratigraphic unit which contains the type of sediments under consideration. Fifth, spatial variations of the material properties and inhomogeneities should be minimal. Sixth, the spacing should be large enough to satisfy accuracy requirements for time and distance (Badri and Mooney 1987) .
The results suggest that the attenuation characteristics of seismic waves may not be used to derive dynamic elastic parameters of the subsurface sediments adequately since there is no systematic correlation among the dynamic elastic parameters with the quality factor observed.
